In a VLA survey of chemically peculiar B-and A-type stars with strong magnetic fields, we have detected five of the 34 stars observed as 6 cm continuum sources. Three of the detections are helium-strong early Bp stars (<j Ori E, HR 1890, and <5 Ori C), and two are helium weak, silicon-strong stars with spectral types near AOp (IQ Aur = HD 34452, Babcock's star = HD 215441). The 6 cm luminosities L 6 (ergs s _1 Hz -1 ) range from log L 6 = 16.2 to 17.9, somewhat less than the OB supergiants and W-R stars. Three-frequency observations indicate that the helium-strong Bp stars are variable nonthermal sources. The emission cannot arise from a stellar wind, but is consistent with gyrosynchrotron emission from continuously injected, mildly relativistic particles trapped in the magnetosphere formed by the closed field regions of the strong surface magnetic fields. The number density of these energetic particles must increase with radius in order for the observed fluxes to be fitted by this model.
I. INTRODUCTION
Kilogauss surface magnetic fields were first detected on peculiar A and B stars by Babcock (1947) . Borra, Landstreet, and Mestel (1982) have reviewed both the observational and theoretical aspects of this subject and concluded that longitudinal magnetic fields in excess of the typical detection limits of 0.1-0.2 kG are common in Ap stars of the Si and Si-Cr-Eu (but not Hg-Mn) classes, helium-weak stars (hereafter He-W stars) of equivalent MK spectral types mid-B, and the helium-strong (He-S) stars of equivalent MK spectral type B2. Stars of spectral type B4 and earlier, which includes all the He-S stars and the hotter He-W stars, have substantially stronger magnetic fields than those typically found in the cooler members (Thompson, Brown, and Landstreet 1987) .
The geometries of the magnetic fields in these stars have generally been taken to be dipolar (e.g., Stibbs 1950), with the magnetic axis inclined with respect to the rotational axis: thus, as the star rotates, the observed magnetic field is modulated at the rotational period. More detailed comparisons between theory and observations generally show more complex geometries such as offset dipoles or additional, higher order, multipolar components are required to fit the observed magnetic field variations.
Over the last 20 yr there have been several searches for nonthermal radio continuum emission from the Bp and Ap stars based on the speculation that accelerated, charged particles in the strong magnetic fields would radiate by gyrosynchrotron or other processes, e.g., Trasco, Wood, and Roberts (1970) , Kodaira and Fomalont (1970) , Altenhoff, Pfleiderer, and Weiss (1975), and Turner (1985) . No such emission was detected, with upper limits ranging from 5 to 50 mJy. We 1 Joint Institute for Laboratory Astrophysics, University of Colorado and National Bureau of Standards.
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began a survey of Bp and Ap stars with the VLA 6 because the high angular resolution (<1") and low detection threshold (<0.5 mJy at 6 cm) provide an order of magnitude improvement over previous radio studies, and because some recent theoretical work (Zheleznyakov and Tikhomirov 1984) suggested that these stars would be detectable as 6 cm continuum radio sources. A preliminary report of the first part of this study was presented by Drake et al 1985. II. OBSERVATIONS Our observations were made at the VLA between 1984 March and 1986 September. We followed the standard calibration and flagging procedures, and made dirty and clean maps of the source regions using the AIPS software package. Our criteria for the detection of a star as a radio source were that the radio emission be unresolved at 6 cm, and that it lie within l"-2" of the best optical position for that star. Five such sources were found during the present survey.
We have observed at 6 cm and/or 2 cm a total of 34 earlytype, chemically peculiar stars, including 12 He-S stars, 13 He-W stars, and nine Ap stars of the Sr-Cr-Eu and Si subclasses. Several of the He-W stars have also been classified as Si stars, and we have included these in the He-W group on the grounds that they have broad-band (B-V) colors implying similar effective temperatures (B2.5-B6 in equivalent spectral type). The stars observed and their radio fluxes (S v ) are listed in Table 1 , together with the magnetic field strengths, rotational velocities (v sin i), and inferred radio luminosities (L v ).
in. RESULTS
We detected five stars (a 14% detection rate) in the present sample: three He-S stars (<t Ori E, HR 1890, and ô Ori C), and two He-W (or Si-strong) stars (IQ Aur = HD 34452, and Babcock's star = HD 215441; Babcock 1960) . None of the Walborn 1983 and Bohlender et al. 1987. b Magnetic field strengths are rms averages of the observed effective fields, based on data from Borra and Landstreet 1978 , 1979 , 1980 , Borra et al. 1983 , Didelon 1983 , and Bohlender et al. 1987 . Parentheses indicate that the rms field is not significant {<2 a).
c Average of several observations : see table 2 for complete log of observations. d Incorrectly identified as HD 52860 ( = HR 2645) in Drake et al. 1985 . e Babcock's star.
cooler Ap stars were detected, confirming the negative results of previous radio surveys of these stars. We now discuss the results for each group of magnetic stars separately. a) Helium-strong Stars We observed nine of the 20 members listed by Walborn (1983) as definite members of this class and an additional three stars from the list of He-S stars of Jaschek and Egret (1982) . These three stars should be considered only possible members. The three detected radio sources are all members of the Orion OB association. HR 1890 is a spectroscopic binary with a 18.65 day period (Blaauw and van Albada 1963) ; all other He-S stars in Table 1 are thought to be single.
In Table 2 we list 2, 6, and 20 cm fluxes for the detected stars. None of the sources was circularly or linearly polarized at the limits of our signal to noise, nor was any source resolved spatially. It is clear that a Ori E and HR 1890 are variable on time scales of hours; however, phase coverage was insufficient to correlate variability with rotational (and magnetic) period. In the cases where we have near-simultaneous multifrequency observations, the spectra are generally flat between 2 and 20 cm with maximum flux values at 6 cm; one exception is the 1985 March 11 observation of HR 1890, which shows a negative ("nonthermal") spectral index (a = -0.45), as did S Ori C on 1985 June 12 (a < -0.7). Table 1 gives the radio luminosity at 6 cm from the observed flux and an estimate of the distance based on cluster membership, if possible, or the MK spectral type/absolute visual magnitude calibration. The inferred 6 cm luminosities log L 6 for the three detected stars lie in the range 17.4-17.9, somewhat less luminous at radio wavelengths than OB supergiants and W-R stars, which have 6 cm luminosities in the range log L 6 ~ 18-19. Of the He-S stars that were not detected, five have 3 o upper limits log L 6 < 17.4, i.e., at or below the observed luminosities for the three detected stars.
The nondetection of HD 37776 (log L 6 < 16.8) is particularly interesting, since this star is similar to the three detected stars in its rotation (v sin i = 100 km s -1 ), membership in the Orion association, and magnetic field strength. One important difference, however, is the geometry of the magnetic field: Thompson and Landstreet (1985) have shown that the field for HD 37776 is predominantly quadrupolar, and thus the magnetic field well above the photosphere may be much weaker than for a dipole configuration, due to its R -4 radial dependence, compared to a R" 3 dependence in the dipole case. The two other stars with the lowest upper limits are HD 58260 (log L 6 < 17.0) and HD 60344 (log L 6 < 17.1): these stars, like ö Ori C, both have small v sin i (<30 km s" 1 ) and mean longitudinal magnetic fields which do not vary (Borra and Landstreet 1979; Bohlender et al 1987) . They could either be slow rotators with their rotational and magnetic axes aligned, or they could be viewed along the rotational axis. b) Helium-weak and Silicon-strong Stars The 14 stars that we have grouped into this "class" are, in fact, a rather heterogeneous set of objects comprising stars classified as helium-weak, helium-variable, and silicon-strong (Si stars). They have observed longitudinal magnetic fields ranging from below the detection limits up to 17 kG (rms value) in the case of Babcock's star; similarly, they have a wide range of rotational velocities ranging from <5 km s _1 (again, Babcock's star) up to 120 km s~1 (NW Pup). We have detected two of the 14 as radio sources: Babcock's star (HD 215441) and IQ Aur (HD 34452). The radio detection of Babcock's star, the most extreme known example of a nondegenerate magnetic star, is perhaps not surprising. Its radio luminosity of log L 6 = 17.9 is as great as that of a Ori E. Our definitive radio detection also makes more credible the 50 mJy (2 o) possible detection of this star by Kodaira and Fomalont (1970) , suggesting that it may undergo radio continuum flares or outbursts. Babcock's star differs, however, in at least three important respects from the three detected He-S stars: (i) its magnetic field strength is a factor of ~4 larger; (ii) it is an intrinsically slow rotator with an observed rotational period of 9 d 5, while the He-S sources are generally rapid rotators; and (iii) it has a significantly lower effective temperature (its colors indicate an " equivalent " spectral type of B4) than the He-S stars, which are all near spectral type B2.
The other detected star in this class is IQ Aur, another Si star, with an inferred value of log L 6 = 16.2, 50 times less radio luminous than Babcock's star. IQ Aur is among the hottest of the classical Ap stars. It is quite dissimilar from Babcock's star in its magnetic field (-0.5 kG) and rotational period (2 d 5). It is unclear, therefore, whether these two objects should be considered as members of the same new class of Si-strong radio sources, although for the present we will consider these stars as constituting one class. Three of the He-W and/or Si stars that were not detected at 6 cm have log L 6 upper limits at or below the value for IQ Aur (20 Eri, 20 Tau, and a Cen with log L 6 <15.8, <15.5, and <16.2, respectively), while the other nine stars observed at 6 cm have log L 6 upper limits between 16.3 and 17.1. While Babcock's star clearly has atypically strong radio emission compared to the other 13 stars, IQ Aur-like levels of radio emission cannot be ruled out for most of the other stars. c) Other Bp and Ap Stars None of the nine cooler Bp and Ap stars with spectral types in the range B6-F0 were detected at 2 cm with 3 o upper limits for log L 2 in the range 14.5-15.5. This confirms previous radio studies of such classical " Ap stars which provided only nondetections, and precludes radio emission levels similar to IQ Aur. The nondetection of the star 53 Cam is interesting since its magnetic field is comparable to that of Babcock's star, while its radio emission is more than two orders of magnitude smaller. Clearly, the presence of a large magnetic field is not sl sufficient condition for high levels of radio continuum emission.
IV. DISCUSSION
Only the helium-strong stars have sufficient observations to warrant detailed analysis. Further data will be required to determine if the detected helium-weak stars are, in fact, the same class of radio star. While all of the detected stars have strong surface magnetic fields, the numerous nondetections amply demonstrate that another, as yet unidentified, factor must also be present to create measurable radio emission.
We focus this discussion on g Ori E and HD 37017, which are the best studied sources at radio and other wavelengths. Both stars are photometric and magnetic variables, which are well described by the oblique rotator model with a dipolar surface field (e.g., Landstreet and Borra 1978; Borra and Landstreet 1979) . Both stars possess a steady, but weak, stellar wind (e.g., Barker 1986 ). Based on the blueshifted absorption of the C iv 21550 profile, we estimate that their mass-loss rates cannot exceed 10" 9 M 0 yr -1 with a maximum observed outflow velocity of ~600 km s -^ We found both stars in IPC images in the Einstein archives, and their X-ray fluxes are both ~10~1 3 ergs cm -2 s _1 in the 0.25-4.5 keV energy band, implying a liminosity of log (L x ) = 30.5 ergs s -1 and an emission measure of J Ne 2 dF « 10 52,9 cm -3 for the 10 6 -10 7 K plasma. The origin of this coronal gas is not known; however, the ratio LJL bol = 10" 7 is typical of OB stars with stellar winds (e.g., Cassinelli 1985). We adopt as representative parameters R* = 4 R Q , M* = 7 M 0 , log (LJL e ) = 3.6, rotation period P = 1 day, polar field strength B p = 10 4 G, distanceD = 450pc,M < 10 -9 M 0 yr -1 ,and = 600kms" 1 .
a) Magnetic Field Configuration The geometry of the magnetic fields surrounding the star is undoubtedly complex. However, beyond some limiting radius R c , which is of the same order as the Alfvén radius, the field lines will all be open as the wind expands to fill 4n sr (e.g., Weber and Davis 1967). Most of the stellar surface, on the other hand, must be covered with regions of closed magnetic fields, with any mass loss confined to the two regions of open fields whose magnetic latitude is within 0 O of the magnetic poles, so that the total solid angle experiencing mass loss at the surface is given by Q 0 = -cos 6 0 ). The mass flux at the surface is therefore M = Q 0 pVR 2 . A constraint on the size of the opening angle 0 O ^ provided by spin-down arguments. Since the field lines are effectively frozen into the outflowing gas, far from the star where the wind becomes spherically symmetric the radial magnetic field is given by B r = where the relationship between the polar field, B p , and the maximum measured mean longitudinal field, B e (max), is given by (e.g., Stibbs 1950) K p B e (max) p cos (i -ß) where K p ä 2.4 is a constant whose value depends on limb darkening, ß is the angle between the rotation and magnetic axes, and i is the usual angle between the rotation axis and the line of sight.
Following MacGregor, Friend, and Gilliland (1986) , the rate of loss of angular momentum is = (oRl sin 2 ß{pVR 2 )Q 0 = coRl sin 2 ßM ,
where oe = V^JR*, V is the wind expansion velocity, is the radial Alfvén radius (Weber and Davis 1967) defined by F = BrI(4%p) 112 , and we assume D 0 small so that no angular integration is necessary in equation (3). Substituting the asymptotic expression for the radial magnetic field of equation (1) 
For these rapid rotators i ~ 90°, so the factor cos 2 (i -ß)/ sin 2 ß must be of order unity, and the spin-down time is independent of the orientation of the magnetic axis. Both o Ori E and HD 37017 are members of subgroups of the Orion OB association whose ages are on the order of a few million years (e.g., Warren and Hesser 1978) . For a moment of inertia of Kj = 0.08 and a measured field B e (max) = 2800 G, this implies that the opening angle 0 O is smaller than ~ 14°.
We thus adopt the following model for interpreting the observations. Interior to radius R c , the field is primarily closed and dipolar. Since ß is unconstrained by observations, we average over the colatitude-dependent dipole field to give
with B p = 10 4 G this gives B = 6900 G. Following Pneumann and Kopp (1971), we estimate R c by assuming pressure balance at the outer boundary given by
where B c is the closed magnetic field strength, B w is the open field strength, and P w is the ram pressure of the wind. Since R c corresponds to the radius where the wind begins to dominate over the magnetic field, we expect R c ~ R A so that P w ~ Bl/Sn, and B 2 ßn -2P W . Substituting into equations (5) and (6) gives Rc . fR 2 R*V /4 R* ~ \4MVj *22 . (7) which is consistent with the spin-down estimate of equation (4). To summarize, we adopt the following schematic picture for the magnetic geometry of the radio sources. Interior to a radius R c ä 20R*, field lines extending from the dipolar surface field form a large cavity of closed field lines, or magnetosphere, which dominates the emitting volume and which is described by equation (5). This magnetosphere can be identified with the gas giving rise to the Ha emission seen corotating out to 5-6R* in o Ori E (e.g., Walborn 1974; Bolton et al 1986) . Beyond R c , the field lines become open, forming the Archimedean spirals described by the model of Weber and Davis (1976) . This model should also apply to the other three detected sources, for which mass loss is either absent or present at reduced levels, except that R c will be correspondingly larger. While this model ignores the two-dimensional nature of the magnetic field and especially the tilt between the magnetic and rotation axes (e.g., Sakarai 1985), we believe that an extensive magnetosphere must characterize these stars, and hence that this model should be adequate for a first interpretation of the radio emission.
b) Emission Mechanisms
The radio emission observed from other early-type stars is free-free emission from the extended envelope formed by a stellar wind (e.g., Abbott 1985) and is, in some cases, supplemented by nonthermal emission which presumably comes from particles accelerated by strong shocks in the outer wind (e.g., White 1985). However, neither stellar wind mechanism can account for the observed emission from the Bp-Ap stars. Even with the maximum possible mass-loss rate, the computed free-free emission from the wind is four orders of magnitude smaller than observed. We have also carried out numerical simulations of a combination of optically thin synchrotron emission and free-free absorption from the stellar wind, as suggested by White's model, but again the possible mass-loss rates are too small to account for the observed flux densities.
Given the intense surface magnetic fields measured in these stars, the flat or negative spectral index of the radio flux, and the presence of variability, a nonthermal mechanism is the likely source of the observed emission. The brightness temperature at a frequency v 9 (v in GHz) for a source of 5 mJy (S v in mJy) and radius R s at the distance of the Orion complex is T b = 2.6 x 10 11 S m j y V9 2 (RJR*)~2: for the typical -2 mJy flux observed at 20 cm for a Ori E and HD 37017, the implied value of T b is so high as to rule out nonrelativistic mechanisms, such as cyclotron emission from the coronal gas responsible for the observed X-ray emission (see Zheleznyakov and Tikhomirov 1984) . The high brightness temperature and the lack of circular polarization of the radio emission lead us to propose that the source is due to optically thick, gyrosynchrotron emission from mildly relativistic (y < 2) electrons trapped in the magnetosphere. This mechanism is the same as that generally accepted for explaining the radio emission from RS CVn binary systems (see § V). We will show below that this model is consistent with existing data. Although we have not identified a specific mechanism for accelerating the particles, we feel that the environment of an oblique, magnetic, rapid rotator with mass loss provides ample opportunity for particle acceleration. c) Radiation Belt Model For optically thick gyrosynchrotron emission, T B ~ T e{{9 the effective temperature of the radiating electrons. The quantity T eff is given by Dulk (1985) as T eff « 2.5 x 10 9 x io-0 -31 V' 5+0 085<5 .
Here S is the spectral index of the power-law electron energy spectrum, s is the harmonic of the electron gyrofrequency v B = eB/2nm e c, and we have assumed an average angle of 50° between the line of sight and the magnetic field. Since v = sv B , for a dipolar field we can rearrange equation (5) To estimate the total number density of electrons with energi< greater than 10 keV, AT 10 , we assume that radio emission at a given frequency originates from a range of radii, and hence a range of harmonics, such that t v = k v L ~ l occurs at harmonic s. Using L ~ (WB/By 1 = R/3 ([see eq. 5]) and an opacity (e.g., Dulk, eq. [36] 
A range of source parameters consistent with the emission observed from <7 Ori E is given in Table 3 . In all cases the emission arises from the radius interval 1.5-10R*, which is well within the size of the magnetosphere estimated in § IVa. Also given in Table 3 is the average energy <£>, of the electrons responsible for the observed emission: note that while the electron number densities (N 10 ) quoted in this table are normalized to 10 keV, <£> may be much larger than 10 keV.
In every case considered, the number density of energetic particles must increase with radius to match observations. Two constraints can be placed on the maximum number density of particles which can be confined by the closed field lines, both of which favor the smaller values of ô in Table 3 , at least at large radii where the 20 cm emission originates. First, the total number of particles cannot exceed the limit where the centrifugal force exceeds the confining magnetic pressure, i.e., pco 2 R 2 < B 2 /Sn. Using parameters from <7 Ori E, this limit becomes N 10 <2 x 10 1S (RJR) 8 cm -3 , which is violated by some of the entries in Table 3 with large Ö and low frequencies. Second, the confining magnetic pressure must also exceed the relativistic particle pressure, which can be expressed as 
where we have evaluated the constant assuming y = 2. Again, this limits the power law to <5 ;$ 3 for 20 cm radiation. The observed energetic particle distribution represents an equilibrium between the particle injection rate, particle energy losses, and particle escape. The dominant energy-loss term is NONTHERMAL RADIO EMISSION FROM Bp-Ap STARS 907 No. 2, 1987 from synchrotron emission, and the time-scale for losses is given (e.g., Lang 1980) t rad (16) where we have again averaged over pitch angle. For the case of y = 2 and using the radii corresponding to <5 ~ 2-5 in Table 3 , we find that i rad ~ 6 weeks at the 20 cm source surface, i rad ~ 10 hr at the 6 cm source surface, and i rad ~ 10 minutes at the 2 cm source surface. It is clear that the acceleration mechanism must be continuous or operate on very short time scales in order to maintain the population of electrons responsible for the 2 cm and 6 cm emission. If the injection spectrum of particles is constant and given by Ae~ô, where E = e + m e c 2 , and the particles lose energy at the rate given by equation (16), then the equilibrium number density of energetic particles with time is given by (Melrose 1980,p. Ill) N(€, t) = 1 A€~ô oc(ô -1) e -h 2m e c 2 m,
where /(i) = 1 for 1 > (w e c 2 a) -1 and f(t) = 1 -(1 -ctet) 0-1 for i (m e c 2 a) -1 , and a = 1.86 x 10 -3 £ 2 . In general, particles will retain their injection spectrum in the region of 20 cm emission, where the synchrotron losses are relatively small, but the spectrum will evolve to a larger value of ô in the region of 2 cm and 6 cm emission. More importantly, since the number density of energetic electrons is proportional to a -1 , it will increase with radius as (R/R*) 6 . Thus, the electrons in the 2 cm source region not only have a larger power-law index than the 20 cm source, their number is also severely depleted relative to the densities found at larger radii. Of course, the inferred particle densities of Table 3 do not increase at all as steeply as R + 6 . This may be a result of particles escaping from the magnetosphere, a process which becomes more important relative to the synchrotron loss term as the radius increases.
V. CONCLUSIONS We detected continuum radio emission from three helium strong and two helium weak Bp-Ap stars, and obtained upper limits for 29 other members of this class. All detected stars have strong, measured surface magnetic fields. Many nondetections also have strong fields but smaller intrinsic radio luminosity; however, so the presence of kilogauss fields alone is not a sufficient condition for measurable radio emission. Two of our detected stars were also found to be X-ray sources in I PC images of the Einstein archives at a level of L x ~ io 30 -5 ergs s _ 1 ~ 10 -7 L bol . This is a typical level of X-ray emission for OB stars with stellar winds, and the emission of X-rays may not involve the same distribution of electrons that is responsible for the radio emission.
The radio emission has a flat or negative spectral index, is irregularly variable at the factor of 2 level, has no measurable polarization, and is characterized by a brightness temperature T b ~1 x lO 11^* /#) 2 , where nR 2 is the area of the source projected on the sky. These characteristics, together with the presence of kilogauss magnetic fields, strongly suggest a nonthermal origin for the emission. We analyzed the sources a Ori E and HD 37017 in detail, and conclude that the likely source is optically thick gyrosynchrotron emission from a small population of mildly relativistic electrons trapped in a magnetospheric cavity between 2 < R/R* <10. This is consistent with the expectation that the closed field lines extending from the surface dipole field should dominate the magnetic field topology out to at least R « 20R*, even in the presence of a steady stellar wind. The energetic particles responsible for the 5-15 GHz emission are subject to synchrotron losses on short time scales (minutes to hours), so the unknown acceleration mechanism must be continuously injecting particles into the magnetosphere. The emission from the other detected heliumstrong star, ô Ori C, has a high-frequency cutoff that can be explained in the context of this model if the polar magnetic field strength is too weak for the 15 GHz source to be optically thick. Too little is known about the helium-weak radio sources to determine if this model is also consistent with their emission. In summary, we believe we have discovered a new class of radio star. The radio emission from the Bp-Ap stars is unlike the stellar wind emission characteristic of the OB stars, the quiescent coronal emission characteristic of solar-type stars, or the intense, variable, highly polarized emission observed in the late-type flare stars (e.g., Dulk 1985) . It is perhaps most similar to the quiescent radio emission from RS CVn binary systems (Hall 1976), although these are very different types of stars, the active component being usually a K subgiant or giant. The radio emission of RS CVn systems is of similar luminosity, brightness temperature and (usually) is of low circular polarization, and has indeed been generally interpreted as being due to gyrosynchrotron emission from mildly relativistic, powerlaw electrons (e.g., Hjellming and Gibson 1980; Lestrade et al. 1984) . The major differences between the model we have developed for the magnetic Bp stars and those for the RS CVn systems are that the latter have complex solar-type magnetic fields rather than predominately dipole fields and that the inferred magnetic field strengths are generally much smaller (B < 100 G) for the RS CVn models. If our "radiation belt" model is correct, the radio emission from Bp-Ap stars may be more analogous to the synchrotron radio source of Jupiter (e.g., Beard and Luthey 1973) , than to the radio emission from other types of stars.
